The ability to control the localization of surface-enhanced Raman scattering (SERS) nanoparticle probes in bacterial cells is critical to the development of analytical techniques that can nondestructively determine cell composition and phenotype. Here, selective localization of SERS probes was achieved at the outer bacterial membrane by using silver nanoparticles functionalized with synthetic hydrophobic peptides.
T he ability to chemically characterize microbial phenotypes in real time and nondestructively is a critical development for both industrial and clinical microbiology. Surface-enhanced Raman scattering (SERS) methods are of interest for this task because of their exceptional analytical sensitivity with nanometer scale localized selectivity (1, 2, 21) . With SERS, Raman scattering from a molecule is enhanced several orders of magnitude when it is in the proximity of a metal substrate (1) . This has profound potential for the investigation of biological systems (21) . However, the extreme biomolecular complexity of the intracellular matrix poses a major challenge to the use of SERS to study microbial phenotypes and cell composition (2) . SERS spectra of bacteria are highly irreproducible and difficult to interpret because metal nanoparticles, often used as SERS substrates (or probes), disperse randomly throughout the cell (2, 12, 16, 21) . This approach results in convoluted SERS spectra composed of contributions from biochemicals of diverse intracellular environments simultaneously. Therefore, the ability to control the localization of SERS probes inside the cell is critical to the production of minimal SERS spectra capable of being deconvoluted to resolve chemical composition and phenotype data for localized intracellular environments independently.
Metal nanoparticles, conjugated with a variety of ligands, have been used as intracellular SERS probes with exceptional selectivity for the purposes of imaging and detection, but these have not been designed to determine cell composition or phenotype (4, 14, 17, 20) . Zeiri et al. (24) developed protocols to direct the production of silver nanoparticles (SNPs) to either the cytosol of a bacterium or to the cell wall. The resulting SERS spectra reflected the biochemical environment surrounding SNPs. However, intracellular synthesis of SNPs required the use of toxic reagents and the potential to localize these SNPs was limited (2) . Recently, Xie et al. (22) developed nuclear targeting SERS probes by using gold nanoparticles functionalized with a nuclear localization signal peptide. The probes were used to generate SERS spectra of the HeLa cell nucleus, and these spectra were found to contain abundant information about the nuclear environment. Despite their usefulness, these probes are limited to eukaryotic cells and target only a single intracellular environment. Since the nucleus is relatively large and chemically diverse, the resulting spectra contained substantial variation (22) .
Here, we demonstrate the ability to direct SERS probes to the outer membrane of Escherichia coli cells using SNPs conjugated with a synthetic peptide (CVATIVILFVA) derived from a transmembrane domain in fumarate reductase subunit C, which is part of the membrane-bound fumarate reductase complex (6) . An in vivo SERS spectrum specific to the E. coli outer membrane was obtained. The spectrum was reproducible and contained several Raman signatures of macromolecules known to be localized in the outer membrane environment. This new technique is referred to as peptide-guided SERS (pgSERS), and it represents a step forward toward the achievement of analytical specificity within a complex biomolecular system.
The pgSERS probes (SNPs conjugated with synthetic peptides) were prepared by incubating SNPs (40-nm diameter, 0.02-mg/ml suspension) with the synthetic peptide (in solution at 1 mg/ml) at a ratio of 5:1 for 2 h at room temperature. Peptides were conjugated covalently to SNPs through the N-terminal cysteine, which was present in the synthetic peptide for this purpose. SNP functionalization was confirmed using UV/Vis spectroscopy (Fig. 1a) , which showed that the peak plasmon resonance shifted and broadened as a result of the change in the surface chemistry of the SNPs caused by peptide conjugation. Next, it was critical to investigate whether the conjugated peptide made significant contributions to the SERS signal. This was done by obtaining spectra of the common Raman reporter 4-mercaptobenzoic acid (4-MBA) in the presence and absence of unfunctionalized SNPs (uf-SNPs) and pgSERS probes (Fig. 1b) . The weak Raman signal from the peptides attached to the SNP surface did not inhibit the ability to enhance Raman scattering of 4-MBA. The spectrum of 4-MBA obtained in the presence of pgSERS probes resembles the SERS spectrum of 4-MBA obtained with uf-SNPs and was different from the normal Raman spectrum of 4-MBA (Fig. 1b) . It is often the case that the normal Raman and SERS spectra of the same compound are not the same (3, 5) . Thus, the pgSERS probes were found to enhance the Raman signal from molecules of the environment with minimal influence resulting from the probes themselves. Spectra were collected with a Senterra Raman spectrometer (Bruker Optics, Billerica, MA) with a 532-nm laser, 2 mW of laser power, and a 1-s exposure time.
When incubated with E. coli cells, the uf-SNPs were distributed randomly throughout the cell (Fig. 2a) . In contrast, the pgSERS probes formed aggregates that were confined at the cell membrane ( Fig. 2c and d) . The spectra collected using uf-SNPs were composed of scattering from all of the molecules in the vicinity of the uf-SNPs located in all biochemical environments of the cell (Fig. 3) . This resulted in a high degree of variance, as indicated by the standard deviation spectrum (Fig. 3) . In contrast, pgSERS spectra were more reproducible. It is hypothesized this is because the pgSERS probes were confined to a localized uniform biochemical environment (Fig. 3) . It is noted that some variability in the pgSERS spectra of the cell membrane will always exist because of the dynamic nature of the cell surface (8) . Since the attainment of reproducible spectra is arguably the major challenge to quantitative SERS analysis, the pgSERS approach represents an important development that can potentially be used in future research to facilitate the quantitative characterization of specifically targeted cellular environments.
The origin of the band at 730 cm Ϫ1 in the SERS spectra of E. coli was previously assigned to peptidoglycan structures present at the inner membrane by two independent groups (7, 24) . This peak was not present when pgSERS probes were used (Fig.  3) , suggesting that the pgSERS probes were selectively localized at the outer cell membrane only, away from peptidoglycan structures. This conclusion was further supported by the comparison of spectral features that differ when using uf-SNPs and pgSERS probes (Fig. 3) . The spectra in Fig. 3 were collected with a 532-nm laser at 0.2 mW and a 50-s scanning time. Peaks  at 1,580, 1,383, 1,342, 1,321, 1,139, 1,097 , 812, and 660 cm Ϫ1 in the SERS spectra of E. coli (Fig. 3) are commonly assigned to DNA, RNA, or their components (7, 9, 13, 19, 21, 24) . These peaks either (i) shifted, (ii) were significantly reduced in intensity, or (iii) were not present when the pgSERS probes were used. Since DNA is generally distributed throughout the cytoplasm (and absent from the cell surface) (18) , this demonstrates the ability of the pgSERS probes to selectively target the cell surface. In addition, the pgSERS spectra contained many features assignable to components at the cell membrane, such as saccharides (1,490, 1,268 , 850, and 647 cm Ϫ1 ), lipids (1,452,  1,430, 1,378, 1,300, 1,079, 1,049 , and 717 cm Ϫ1 ), and proteins (1,612, 1,365, 1,269, 1,216, 1,179, 1,015 , 850, and 762 cm Ϫ1 ). Interestingly, the strong peaks at 1,216 and 1,269 cm Ϫ1 are characteristic of ␤-sheet and ␣-helix protein secondary structures, respectively (10, 11) . This is consistent with the presence of the ␤-barrel proteins (porins) across the outer membrane of Gram-negative bacteria (15) and an abundance of ␣-helical transmembrane proteins. The shoulder at 719 cm Ϫ1 in the pgSERS spectrum corresponds to C-C-Nϩ symmetric stretching in phosphatidylcholine, a major constituent of cellular membranes (9) . The peak at 744 cm Ϫ1 has been attributed to the membrane-bound cytochromes, hemoproteins that contain heme groups and carry out electron transport (19, 23) .
The pgSERS approach developed in this research is an effective method for reducing the complexity of SERS analysis of bacterial cells. To demonstrate this approach, SNPs conjugated with a synthetic peptide were used to successfully localize SERS probes at the outer membrane of E. coli cells. The resulting spectra were found to effectively represent the outer membrane environment, and spectrum reproducibility was enhanced because pgSERS probes were confined to a relatively homogeneous biomolecular environment. While significantly more developments are still needed, this approach has the potential to enable quantitative phenotype characterization of bacterial cultures in real time using a nondestructive approach. One of these future developments includes the replacement of SNPs with nanoparticles that minimize toxicity and do not elicit a cellular response. Other necessary developments include the design of new synthetic peptides to explore additional localized intracellular environments. The approach presented here represents the first proof of concept of the pgSERS methodology.
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